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Abstract 

Resonant small-angle scattering at the 2p levels of 3d transition elements strongly enhances scattering 

from both magnetic and chemical structure in the plane of thin films, as recently demonstrated for Co/Pt 

multilayers having perpendicular anisotropy.  Here this resonant enhancement is demonstrated for CoPtCr 

films having in-plane magnetic anisotropy.  A simple formalism describing the spectral dependence of the 

kinematical scattering provides a means to distinguish between magnetic and charge scattering and to 

probe the chemical segregation processes yielding charge scattering, thereby providing new information 

about this structure.  It is found that correlation lengths of magnetic scattering are roughly 5 times larger 

than those for chemical scattering in the as-deposited CoPtCr film studied, consistent with significant 

exchange-coupling between polycrystalline grains. 
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1.  Introduction 

Increasing technological importance of thin films involving single or multiple layers ranging from 

less than one to tens of nanometers thick calls for improved methods to understand the interrelationships 

between magnetic and chemical structure that determine magnetic interactions, energies, and transport 

properties of interest.  Such thin films typically involve heterogeneity (i.e., structure) both in magnetic 

and chemical (or compositional) properties.  Understanding the spatial correlation of magnetic and 

chemical properties at the relevant length scales both perpendicular to and in the plane of the films is thus 

of great importance.  Relevant length scales include characteristic magnetic lengths ranging from 

interatomic dimensions to domain sizes ≥ 100 nm, and also any length scales of chemical heterogeneity.  

Length scales of in-plane chemical heterogeneity (segregation, polycrystalline grain structure, surface or 

interface roughness, etc.) are often of the order of the film thickness.  Thus techniques capable of 

simultaneously resolving both magnetic and chemical structure with resolution ranging from atomic to 

tens of nanometers are especially valuable.   

Resonant spectroscopies at the 2p core levels of the magnetic 3d transition metals offer various 

signals that can provide insight into magnetic and chemical structure in films [1].  Soft x-ray wavelengths 

in this 1 – 2 nm range set the spatial resolution limit of purely photon based techniques, and in many 

cases the utility of the strong, element-specific resonant signals outweighs the loss of sub-angstrom 

resolution typical in the hard x-ray spectral range.  Its position between the hard x-ray and near-visible 

spectral regions suggests adoption of formalisms common in both x-ray and visible magnetooptical 

studies [2].  Soft x-ray Faraday (transmission) and Kerr (reflection) geometry measurements involve 

forward and specular scattered beams, respectively, and thus provide information averaging over in-plane 

magnetic and chemical structure.  Even so, these techniques can provide depth-resolution with nm and 

sub-nm resolution in various ways:  tuning to a core level of an ultrathin chemical marker layer is one 

approach [3]; another is to radically alter the skin depth by tuning across a strong L3 white line [4]; and 

yet another uses strong interference from interfaces in multilayer films as a tunable depth probe across 

buried interfaces [5].   
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Diffuse resonant scattering techniques offer a means to gain sensitivity to in-plane magnetic and 

chemical structure.  Diffuse scattering can be measured in reflection geometry away from the specular 

condition [6, 7, 8, 9], in which case the scattering vector q necessarily probes both out-of-plane and in-

plane structure.  Diffuse scattering in the transmission geometry probes in-plane structure more directly, 

and is used here.  Compared to microscopy techniques, incoherent scattering techniques provide 

ensemble-averaged information about magnetic and chemical structure, albeit with quite good spatial 

resolution.  Coherent resonant magnetic scattering techniques are under development that retain local 

structure information and offer potential for time-resolved information down to the nanosecond regime 

[10]. 

This paper extends a recent study of magnetic and chemical structure in Co/Pt multilayer films having 

perpendicular magnetic anisotropy [11] to single-layer films having in-plane magnetic anisotropy.  

Discussion of general and specific experimental considerations is followed by results and analysis for a 

CoPtCr film of interest for longitudinal magnetic recording.  Emphasis is placed on the analysis of the 

spectral dependence of the scattering and its use to identify and begin to quantify sources of scattering.  

For the film studied we find magnetic correlation lengths roughly five times larger than chemical 

correlation lengths, consistent with significant exchange coupling between adjacent polycrystalline grains. 

 

2. General considerations  

The symmetric transmission small-angle scattering (SAS) geometry used here is shown in Figure 1.  

Measurements were made by scanning an aperture at scattering angle 2θ and the sample at angle θ to 

keep q (having magnitude q = 4πsinθ/λ for wavelength λ) strictly in the film plane.  Since 2θ is small, 

measurement using a position-sensitive detector and sample fixed at normal incidence also maintains q 

predominantly in the film plane.  In addition to optimizing the coupling to in-plane magnetic and 

chemical structure, this geometry has the advantage of a well-defined sample volume.  In comparison, 

off-specular reflection geometry measurements of diffuse scattering couple less directly to in-plane 
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structure, and can suffer from varying penetration depth with energy and angle [2] and interference and 

distorted-wave effects [2, 12], all of which lead to variations in effective sample volume and hence 

measured intensities. 

Linear incident polarization is appropriate for measuring diffuse magnetic (and chemical) scattering, 

since linear polarization is composed of a coherent superposition of + and – helicity circular components.  

These orthogonal modes do not mix in the scattering process, so that magnetic scattering using linear 

polarization is equivalent to scattering using circular polarization of each helicity simultaneously [11].  

Thus we consider magnetic scattering of circular components below, realizing that the intensities of each 

circular component are added to give the total intensity for incident linear polarization. 

Two limiting cases for magnetic domain structure in films are shown in Fig. 1.  Figure 1a shows 

magnetic domains in a film having perpendicular anisotropy, as considered in ref. 11 for Co/Pt 

multilayers.  In this geometry the full polarization dependence of the Co resonant magnetic scattering 

factor for circular components simplifies to f f fc m+ − ≅ ±/  where f c is the resonant plus non-resonant 

charge scattering factor and f m  is the resonant dipole term first order in magnetization M describing the 

predominant magnetic scattering in ferromagnetic samples [2, 11].  Here the dipole term 2nd order in M 

and higher multipole transition terms are neglected.  This is reasonable for resonant scattering at the 2p 

levels of 3d transition elements, although higher multipole terms are clearly important as λ decreases.  

Perpendicular M and small θ  maximize sensitivity to f m  and hence to scattering from resonant magnetic 

structure in the plane of the film.  Figure 1b depicts magnetic domains in films with in-plane anisotropy, 

as one would encounter in longitudinal recording, and is relevant to the CoPtCr film studied here.  In this 

geometry the effective Co resonant magnetic scattering factor is f f fc m+ − ≅ ±/ sin( )2θ , and sensitivity 

to domains is reduced compared to the perpendicular anisotropy case.  Even with this reduced magnetic 

sensitivity, the large resonant effects make it possible to observe magnetic SAS for films with in-plane 

structure in this geometry.   
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Diffuse SAS results from contrast in scattering amplitude between two or more different phases.  Let 

us call ai  the scattering amplitude for phase i, realizing that it is given by some linear combination of 

scattering factors of the different species making up that phase.  Then the total scattering amplitude for a 

heterogeneous film is A a si i
i

= ∑ with si the structure factor describing the spatial distribution of phase i.  

In the kinematical (single scattering) approximation the scattered intensity I A A= * .  Assuming two 

terms corresponding to magnetic and chemical scattering, this formalism predicts intensity terms 

corresponding to magnetic -magnetic and charge-charge correlations, as well as a term corresponding to 

charge-magnetic interference [11, 13].  The spectral dependence of the different intensity terms is 

determined primarily by the a ai j
* at fixed q in this transmission SAS geometry, i.e., by the spectral 

dependence of the resonant scattering factors together with any non-resonant scattering factors 

contributing to amplitude contrast.  Below the measured spectral dependence of these factors is modeled 

using measured Co resonant magnetic (and charge) scattering factors.   

 

3.  Experimental details 

The film studied here has nominal composition Co69Pt9Cr22, is 32 nm thick, and was deposited by 

magnetron sputtering atop buffer layers that were grown onto a 160 nm thick SiNx membrane for 

transmission measurements.  A 5 nm carbon layer tops the structure.  The polycrystalline CoPtCr layer 

has the c axis of the hcp crystal structure in-plane with random in-plane anisotropy, and closely simulates 

a generation of longitudinal recording media films in which some degree of chemical segregation to the 

polycrystalline grain boundaries is thought to limit intergrain exchange coupling and account for the 

recording properties [14, 15].  Determining the magnetic and chemical correlation lengths in an as-

deposited film using resonant soft x-ray scattering is thus an initial goal of studies of this and related 

systems.   

Measurements were made using two different beamlines at LBNL’s Advanced Light Source.  Diffuse 

scattering q and hν scans were measured on bending magnet beamline 6.3.2. using a broad vertical fan of 
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radiation and hence a range of polarization states (all of which can be described as superpositions of 

varying amounts of opposite helicity circular components).  Diffuse scattering was also measured in the 

elliptically polarizing undulator beamline 4.0 using linear polarization.  This beamline, tuned to have 

degree of circular polarization 0.9, was also used to measure the transmission absorption spectra across 

the Co 2p levels at a 45° incidence angle with M saturated in-plane and in the scattering plane.  

Comparison of absorption spectra of the alloy film with those from a thicker Co film suggests that 

thickness effects [2] at the Co L3 line are not severe in these measurements.  The absorption spectra where 

then normalized to ]Im[ / −+f from which the dispersive part of ]Re[ / −+f were obtained via Kramers-

Krönig transformation, thus yielding the complete resonant charge and magnetic scattering factors for Co 

shown below.  The real, non-dispersive charge term f Zo = must be added to obtain the complete charge 

scattering factor f c [2, 11]. 

 

4.  Results and Discussion 

Radial scans through reciprocal space (q scans) at a series of fixed x-ray energies are shown in Fig. 2, 

and exhibit two separate peaks with distinctly different energy dependence.  These data are normalized by 

the time variation of the incident intensity, but not by the strong energy dependence of the sample’s 

transmission spectrum.  The peak at lower q ≅ 0.013 Å-1 indicates scattering from interfering features 

separated by roughly 2π/q = 48 nm.  The peak at higher q ≅ 0.057 Å-1 corresponds to interfering features 

roughly 11 nm apart.  The presence of two peaks indicates two distinct length scales in this sample.  The 

shorter length scale is close to the average size of polycrystalline grains in these media films as 

determined by TEM [14].  In analogy with the two peaks observed in scattering from Co/Pt multilayers in 

ref. 11, it is natural to hypothesize that the longer length scale corresponds to a magnetic correlation 

length or domain spacing.  Such a peak could result, for example, if the magnetization of several adjacent 

grains was strongly correlated to yield a magnetic length scale larger than the grain size.  Up to now direct 

experimental measurements of magnetic correlation lengths in such films have not been possible.  
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Magnetic correlation lengths have been inferred from magnetic recording signal to noise measurements 

and have, in general, been found to be larger than the polycrystalline grain size [16]. 

The energy dependence of the scattering at the two peaks offers clear evidence that they originate 

predominantly from distinct charge and magnetic scattering mechanisms.  This different spectral 

dependence evident in Fig. 2 is more completely revealed in energy scans at fixed θ.  Figure 3 shows data 

collected at the low and high q peaks across the L3 line revealing that systematic differences persist across 

the entire energy range. 

Modeling of these scattering spectra requires knowledge of the Co resonant magnetic and charge 

scattering factors, as well as values for f Pt , f Cr , and possibly other elements that may contribute to 

scattering contrast (e.g., buffer or capping layers).  The real and imaginary parts of these scattering factors 

are plotted in Fig. 4 (a) and (b), respectively.  Resonant data for Co are obtained from measurements as 

described above, while non-resonant data for Pt and Cr are obtained from tabulated values [17].  The 

charge scattering factors for Co are determined from f f fc = ++ −( ) / 2 and are non-zero everywhere 

except where ]Re[ cf crosses zero, while the magnetic part f f fm = −+ −( ) / 2 is zero everywhere except 

near the 2p levels.  The slowly varying but significant scattering power of Pt and Cr can make important 

contributions to the spectral shapes, as seen below.  While Im[ ]f accounts for photoelectric absorption, it 

also contributes to scattering together with Re[ ]f . 

It is useful to calculate (perhaps) oversimplified resonant scattering spectra to gain some insight into 

how different spectral shapes can arise.  Spectra from several very simple contrast models are shown in 

Fig. 5, and the models briefly described here.  Figure 5a shows the spectrum for the simplest model of 

pure magnetic contrast.  This model assumes scattering from regions of oppositely oriented Co 

magnetization, in which scattering contrast is simply given by a f f fm m= − =+ − 2 , or by the difference 

in Co scattering factors for opposite helicity circular polarization [11].  The scattered intensity is mm ff *4 , 

and exhibits two unipolar peaks.  Figure 5b shows the spectrum for Co charge scattering contrasted with 

vacuum, while Fig. 5c shows the spectrum for Co charge scattering contrasted with Cr charge scattering.  
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Both of these spectra have resonant peaks showing more bi-polar character, and with different symmetry 

from each other.  Figure 5d shows the spectrum for just the magnetic part of the Co scattering contrasted 

with Cr charge scattering.  These model spectra demonstrate how very different spectral shapes can result 

from contrast models involving the difference between charge and magnetic resonant Co features and 

regions defined by other scattering amplitudes.  

More realistic spectral modeling proceeds by positing a physically plausible scattering contrast 

model, calculating the scattering spectra predicted by that model, comparing with measured spectra, and 

iterating with changes to the model until reasonable agreement between model and data are obtained.  

Model spectra are multiplied by the measured transmission spectrum (for linearly polarized radiation) 

because the measured spectrum is also attenuated in this way.   

The scattering spectrum at the low q peak is considered first.  Hypothesizing, as above, that this 

scattering is predominantly magnetic in origin, it is appropriate to assume the pure magnetic scattering 

model in Fig. 5a.  While the scattering power of the individual domains contains contributions from 

resonant Co charge and magnetic as well as non-resonant components from other constituents, the 

scattering contrast between domains remains mf2 and the intensity spectrum given by mm ff *4 .  If the 

magnetization of adjacent domains is not strictly antiparallel this intensity will simply be reduced by a 

constant, and so this simple model applies to these media films having a random distribution of in-plane 

magnetization.  This intensity spectrum is plotted together with a small non-resonant (charge) background 

after scaling to the measured spectrum as the solid line in Fig. 3.  The good agreement between this 

simplest model and measured spectra parallels a similar finding for scattering from magnetic domains in 

Co/Pt multilayers in ref. 11.  In both cases it is seen that pure magnetic scattering, as defined above, 

exhibits characteristic peaks at the L3 and L2 white lines.  The close agreement between model and 

measured spectra is a clear indication that the peak at lower q results predominantly from interference 

between regions of differently oriented magnetization separated by ~ 50 nm.   
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A different model is used to model the energy spectrum of the of the higher q peak.  Its different 

spectral shape compared to the lower q peak, and the close correspondence of its position to the 

polycrystalline grain size, suggests investigation of models involving chemical scattering between Co-rich 

regions (presumably ferromagnetic) and Co-deficient regions (presumably paramagnetic).  While many 

such models exist that would be consistent with the overall nominal composition, a simple model is 

considered here that provides a reasonable fit to the data.  This model is based on the notion that 

segregation of Cr to grain boundaries yields a polycrystalline structure in which grain centers are Co-rich 

and ferromagnetic, while grain boundaries are Co-deficient and paramagnetic, on average.  To simplify 

the model further, we assume that the Pt is entirely distributed in the Co-rich ferromagnetic phase.  With 

these assumptions, specifying the relative scattering density of the Co-rich and Co-deficient phases as a 

linear combination of scattering factors then determines the model’s scattering spectrum.  The dashed line 

in Fig. 3 is a scaled model calculation assuming the Co:Pt:Cr ratio in the Co-rich phase to be 20:2:1, and 

the Co:Cr ratio in the Co-deficient phase to be 1:1.  The same number density is assumed for each phase, 

and the scattering amplitude is calculated from a a ach e A Barg = −  where a A B, are the scattering 

amplitudes of each phase given by the appropriate linear combination of charge scattering factors f Co , 

Ptf and f Cr .  This model spectrum quite reasonably approximates the measured higher q spectrum, and 

together the two model spectra capture the essential differences between the two measured spectra.   

While it is not claimed that either of these two models is unique or provides a best fit to the measured 

spectra, experience calculating a variety of different model spectra does suggest that resonant magnetic 

and charge scattering are predominantly responsible for the low and high q peaks, respectively.  This in 

turn supports the general picture of the microstructure of CoPtCr longitudinal recording media in which 

chemical segregation to grain boundaries is somewhat effective in reducing magnetic correlation lengths.  

Significant new information available from the resonant SAS is that quantitative measures of the 

enxemble-averaged magnetic and chemical grain size can be determined and that magnetic correlation 

lengths remain much larger than the polycrystalline grain size.  This suggests either that intergrain 
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exchange interactions remain relatively strong or that the in-plane texture of the c axis, while random on 

average, may not be entirely random at the intergranular level.   

Refinements to this spectral modeling approach may lead to better agreement with measurements and 

provide a more realistic picture of the segregation processes leading to heterogeneous magnetic and 

chemical microstructure.  For example, we expect a magnetic -charge interference term in addition to the 

pure charge term used to model the high q peak in Fig. 3, since our model assumes both magnetic and 

chemical heterogeneity at this length scale.  Indeed the magnetic -charge scattering model in Fig. 5d 

suggests that addition of this (or a similar) cross-term to a charge-charge term is consistent with, and may 

improve, the agreement of the model and measured spectra.  Consideration of physical constraints 

including conservation of mass during segregation and the density and volume fraction of different phases 

will further refine modeling.  While many parameters are needed to completely specify explicit SAS 

models involving segregation in a ternary system and both magnetic and charge scattering, it should be 

possible to simplify such models sufficiently so that traditional fitting procedures will yield 

experimentally derived values (or bounds) for the nominal compositions and volume fractions of 

segregated chemical and magnetic phases. 

 

4.  Conclusions  

In summary, the CoPtCr film studied here is the second system from which we have resolved 

resonant scattering from magnetic length scales distinctly longer than chemical length scales based on the 

different spectral characteristics of resonant magnetic and charge scattering.  This case demonstrates that 

scattering from magnetic heterogeneity in films having in-plane anisotropy is easily measurable, albeit 

reduced compared to the chemical scattering in the traditional transmission SAS geometry used.  

Modeling of the scattering spectra using measured resonant scattering factors is emerging as an effective 

and general means to separate charge from magnetic scattering.  It appears that systematic variation of 

model parameters will enable bounds to be placed on chemical compositions responsible for scattering 

contrast between different phases, thereby providing information on nanoscale chemical segregation 
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difficult to obtain otherwise.  The strong resonant scattering from both magnetic and chemical structure 

makes these scattering and spectral modeling techniques generally applicable to a broad range of 

magnetic (and other) films, and other nanostructured and heterogeneous bulk materials. 
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Figure Captions  

 

Figure 1.  The symmetric transmission scattering geometry used here optimizes coupling of the scattering 

vector q (defined by incident and scattered wavevectors ko and kf) to both magnetic and chemical 

structure in the film plane.  Scattering from magnetic domains with magnetization in two limiting 

orientations is considered:  (a) perpendicular anisotropy, and (b) in-plane anisotropy.  Ferromagnetic 

domains are shaded with magnetization vectors as indicated.  Chemical structure is not depicted. 

 

 

Figure 2.  Scattered intensity vs. q measured from a CoPtCr alloy taken at different energies as noted 

across the Co L3 white line.  Two peaks are apparent, indicating interference between features having two 

distinct length scales.  Using 2π/q to estimate the length scales gives 48 nm and 11 nm for the lower and 

higher q peaks, respectively.  Note the different energy dependence of the two peaks. 

 

Figure 3.  Scattering spectra (symbols) measured at the two distinct peaks in reciprocal space, as noted.  

Spectra calculations (lines) based on measured resonant Co scattering factors and specific models as 

described in the text. 

 

Figure 4.  Measured resonant atomic scattering factors for Co are plotted across its L3 and L2 lines at 779 

and 794 eV, respectively.  Tabulated data for Pt and Cr are also displayed.  The real part of the scattering 

factors are plotted in (a), and the imaginary part in (b).  While the imaginary part of the scattering factor 

describes photoelectric absorption, it also contributes to scattering. 

 

Figure 5.  Simulated resonant scattering spectra for very simple models as indicated (see text for details). 
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